Objective: To determine whether microvascular damage, indicated by cerebral microbleeds (CMBs) and retinal microvascular signs, is associated with cognitive function and dementia in older persons.
The functional impact of microvascular damage has been well-studied in the retina, kidney, and peripheral nervous system, but its effect in the brain is poorly understood. 1 However, there has been an increasing interest in studying cerebral microbleeds (CMBs) as a marker of microvascular disease. [2] [3] [4] CMBs, characterized by foci of signal loss on T2*-weighted gradient-echo MRI, have been histopathologically confirmed as hemorrhagic microvascular lesions or microangiopathy in the brain. 5 CMBs are frequently detected among asymptomatic older adults, and the prevalence of CMBs increases with advancing age. 6 -8 CMBs are more likely to occur in 
Study funding:
The AGES-Reykjavik Study was funded by NIH contract N01-AG-12100, the Intramural Research Program of the National Institute on Aging, the National Eye Institute (ZIAEY000401), NIH, USA, and the Icelandic Heart Association and the Icelandic Parliament, Iceland.
Disclosure: Author disclosures are provided at the end of the article.
Supplemental data at www.neurology.org people with hypertension, [2] [3] [4] cerebral amyloid angiopathy (CAA), [2] [3] [4] 9 cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, 2,10 stroke, [2] [3] [4] and diabetes and retinopathy, 11 all conditions reported to be associated with cognitive impairment. 9, 10, 12, 13 Indeed, cognitive consequences of CMBs have been noted in several patient-based studies, [2] [3] [4] 14 but data from population-based studies are lacking.
Extant studies show that retinal microvascular lesions are strongly correlated with cerebral small vessel disease such as white matter lesions and CMBs, 11, [15] [16] [17] suggesting that these retinal microvascular signs are markers for cerebral microvascular disease. Thus, studying retinal microvascular signs is another approach to indirectly measuring cerebral microvascular disease. Indeed, several population-based studies of middleaged and older people suggest that retinal microvascular signs, in particular retinopathy lesions, are associated with poorer performance in cognitive domains such as processing speed and executive function.
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Here, we investigate, in a communitybased cohort of older people, whether CMBs and retinal microvascular signs are associated with cognitive function and dementia. Furthermore, we hypothesize that having microvascular lesions in both the brain and retina indicates a heavier burden of cerebral microvascular damage than having lesions in either site alone, and thus, is associated with more severe cognitive consequences.
METHODS Study population. Participants are from the
Age, Gene/Environment Susceptibility (AGES)-Reykjavik Study, which is described elsewhere. 22 Briefly, the Reykjavik Study was initiated in 1967 by the Icelandic Heart Association and included men and women born in 1907-1935 and living in Reykjavik, Iceland. During 2002-2006, 5,764 persons from the original cohort of the Reykjavik Study were re-examined as a part of the AGES-Reykjavik Study. The AGES-Reykjavik Study aims to study common mechanisms leading to major clinical and subclinical diseases in neurologic, cardiovascular, musculoskeletal, and metabolic systems. As part of comprehensive assessments at the Reykjavik research center, a questionnaire, clinical examination, and cognitive battery were administered, and images were acquired of the brain and retina.
Standard protocol approvals, registrations, and patient consents. The AGES-Reykjavik Study was approved by the Icelandic National Bioethics Committee (VSN: 00 -063), the Icelandic Data Protection Authority, Iceland, and the Institutional Review Board for the National Institute on Aging, NIH, United States. Written informed consent was obtained from all participants.
Retinal microvascular measures. Retinal digital images
were taken directly from the fundus of both eyes with a 6.3-megapixel Canon CR6 nonmydriatic digital camera after maximal pupil pharmacologic dilation. 11, 23 At the Ocular Epidemiology Reading Center, University of Wisconsin, 3 certified graders assessed retinal images for the presence of retinopathy lesions and retinal arteriolar signs (focal arteriolar narrowing and arteriovenous nicking) following a validated protocol. 16 Retinopathy lesions included retinal blot hemorrhages, microaneurysms, soft exudates, and other less common lesions such as hard exudates, macular edema, and optic disc swelling. 24 The quality control procedure and intergrader and intragrader reliability for assessing retinal microvascular signs have been reported elsewhere. 11, 16 MRI acquisition and reading protocol. High-resolution MRI was acquired on a 1.5-T Signa Twinspeed System (General Electric Medical Systems, Waukesha, WI). 7, 11, 16 The image protocol consisted of a proton density (PD)/T2-weighted fast spinecho (FSE) CMBs were first identified and scored by neuroradiologists following the criteria reported elsewhere. 7, 11 Then, trained and standardized raters accessed the database and recorded the location of each bleed, up to 30; additional bleeds over 30 were not recorded for their size and location due to coalescing of individual microbleeds. Lesion location was recorded as present in the cerebral lobes (frontal, temporal, parietal, and occipital), basal ganglia, external capsule, and infratentorial structure (medulla oblongata, cerebellum, pons, and mesencephalon). 7 CMBs were assessed with good interrater reliability ( ϭ 0.73) and excellent intrarater reliability ( ϭ 1). 7 WMHs were defined as visible hyperintense lesions on T2-weighted FSE/PD and FLAIR images. The load of WMHs was rated separately for subcortical and periventricular regions following a semiquantitative rating scale with known properties. 16, 25 Cerebral infarct was defined as a defect of the brain parenchyma with a signal intensity that is isointense to that of CSF on all pulse sequences and with a diameter Ն4 mm, with the exception of infarcts in the cerebellum that had no size criteria. 26 
Cognitive function. Three domains of cognitive function
were measured with a battery of neurocognitive tests. 27, 28 Memory function was assessed with a modified version of the California Verbal Learning Test that includes subtests of immediate and delayed recall; processing speed was measured with the Digit Symbol Substitution Test (DSST), the Salthouse Figure Com- parison Test, 29 and the Stroop Test parts 1 and 2; and executive function was tested with the Digits Backward, a shortened version of the CANTAB spatial working memory test, and the Stroop Test part 3. The composite score for each cognitive domain was constructed according to a theoretical grouping of tests as reported elsewhere, 30, 31 and was computed by converting raw scores to standardized Z scores and averaging them across all tests for the domain. The composite Z scores were based on the distribution of tests in the total AGES-Reykjavik sample.
Diagnosis of dementia and subtypes. The case finding was based on a 3-step procedure. All participants were screened on the Mini-Mental State Examination and DSST. Screen positives on either of the tests were administered another more complete diagnostic test battery. Those screening positive on the Trails A and B or the Rey Auditory Verbal Learning Test went for a final assessment that included a proxy interview and a neurologic examination. The diagnosis of dementia and subtypes was made during a consensus conference that included a geriatrician, a neurologist, a neuropsychologist, and a neuroradiologist who provided a clinical reading of MRI. 28 Dementia was diagnosed according to the guidelines of the DSM-IV. 32 Alzheimer disease (AD) was diagnosed according to the criteria of the National Institute of Neurological and Communicative Diseases and Stroke-Alzheimer's Disease and Related Disorders Association. 33 Vascular dementia (VaD) was diagnosed following the criteria of the State of California AD Diagnostic and Treatment Centers 34, 35 ; Clinical medical history and MRI were used in the diagnosis. It was possible to diagnose a subject with possible AD and possible VaD if the 2 pathologies were thought to contribute to dementia.
Covariates. Demographic, cardiovascular, and brain pathologic factors may confound the association of microvascular le- 36 : a strict lobar distribution and separately those in the deep hemispheric or infratentorial regions.
To examine the joint effects of CMBs and retinal vascular lesions, we divided subjects into 4 groups: those with no CMBs or retinal lesion (reference), with only CMBs, only retinal lesions, or both. We tested statistical interaction by simultaneously including CMBs, retinopathy, and the cross-product of these variables. We reported results from 2 models: model 1 adjusted for age, sex, and education; and model 2, which was further adjusted for depressive symptomology, visual acuity, smoking, hypertension, diabetes, body mass index, use of anticoagulants, brain infarcts (present vs absent), and load of subcortical and periventricular WMHs (entered as continuous variables). The SPSS Statistics 17.0 for Windows (SPSS Inc., Chicago, IL) was used for all analyses.
RESULTS
Participants had a mean age of 76 years (SD 5.2; range 66 -96) and 58% were women. The mean composite Z score for memory was 0.09 (SD 0.90), for processing speed 0.09 (0.82), and for executive function 0.04 (0.72). Of the 3,906 participants, 132 (3.4%) were diagnosed with dementia, including 66 with AD, 31 with VaD, and 20 with both possible AD and possible VaD. Evidence of CMBs was found in 450 (11.5%) subjects, 176 Retinopathy was significantly associated with a lower score on tests of processing speed in model 1, but this association was no longer significant when additional covariates were included in model 2 (table  2) . Having retinopathy lesions was significantly associated with an increased OR for VaD, independent of cardiovascular risk factors and comorbid ischemic brain lesions (table 3) . We found no significant association of retinal focal arteriolar narrowing and arteriovenous nicking to cognitive performance or dementia (data not shown).
Compared to those with no CMBs or retinopathy, individuals with only CMBs or only retinopathy had similar test scores on all 3 cognitive domains, but people having both CMBs and retinopathy had markedly lower scores on processing speed (multiadjusted ␤-coefficient Ϫ0.25; 95% CI Ϫ0.37 to Ϫ0.12; p interaction ϭ 0.008) and executive function (Ϫ0.19; Ϫ0.31 to Ϫ0.07; p interaction ϭ 0.020) (figure 1). Results were strongest for processing speed (Ϫ0.23; Ϫ0.41 to Ϫ0.04; p interaction ϭ 0.006) and executive function (Ϫ0.26; Ϫ0.45 to Ϫ0.08; p interaction ϭ 0.006) in those with strict lobar CMBs and retinopathy (table e-1 on the Neurology ® Web site at www.neurology.org). Finally, compared to people having no CMBs or retinopathy, the multiadjusted OR for VaD was 2.31 (95% CI 1.05 to 5.06) in those having only CMBs, 2.31 (1.10 to 4.85) in those with only retinopathy, and 3.10 (1.11 to 8.62) in those having both lesions.
We repeated the main analyses of CMBs, retinopathy, and cognitive function among subjects without dementia (table e-2 and figure e-1); results were generally DISCUSSION This community-based study of older adults suggests that having multiple CMBs is associated with a range of indicators for vascular cognitive impairment (VCI), including slower processing speed, poorer executive function, and VaD. The association of CMBs to poorer cognitive performance is strongest for having multiple CMBs and is strengthened in the presence of retinopathy lesions. All these associations are independent of major cardiovascular factors, WMHs, and cerebral infarcts. The magnitude of the associations with multiple CMBs or concomitant CMBs and retinopathy is approximately equal to that of per 3-to 5-year increment in age (multiadjusted ␤-coefficients range Ϫ0.12 to Ϫ0.30). These findings suggest that loss of microvascular integrity, as indicated by CMBs and retinopathy lesions, has functional consequences in older men and women living in the community. This study has several strengths. It is based on a large cohort of older people living in the community that is well-characterized with regard to health factors, retinal microvasculature, cerebral small vessel lesions, and cognitive function. Moreover, we are able to control for a broad range of factors that may potentially confound the association of cognitive function to vascular lesions in the brain and retina. Finally, the 3 cognitive domains were measured with multiple tests, which gave more robust assessments compared to those based on any single cognitive test.
This cross-sectional study also has limitations. First, a temporal relationship of retinal and cerebrovascular lesions to cognitive dysfunction cannot be established, although a reverse temporal relationship is unlikely. Furthermore, a cross-sectional study is subject to bias due to selective survival or selective participation, but only if CMBs, retinal microvascular lesions, and cognitive dysfunction are differentially related to survival and participation. There is no evidence to suggest this is the case here. Finally, we cannot completely rule out the residual confounding due to imperfect measurement of confounders or unmeasured confounders.
Our findings of CMBs in association with lower scores in processing speed and executive function are similar to those reported for cerebral ischemic small vessel disease. 27, 28, 30 The additional finding that VaD, but not AD, is associated with CMBs and retinopathy lesions is consistent with the hypothesis that microvascular damage is associated with a profile of VCI. 37, 38 The interaction of CMBs with retinopathy suggests that more extensive microvascular lesions, which could manifest as increasingly lower cognitive function, underlie vascular disease not necessarily captured in the brain MR scans. There was no interaction of CMBs with retinopathy on VaD, although people with both lesions had a slightly higher odds for VaD compared to those having lesions only in Figure 1 Joint effect of CMBs and retinopathy on cognitive function: Age, Gene/Environment Susceptibility-Reykjavik Study Model 1 was adjusted for age, sex, and education; model 2 was further adjusted for depressive symptomology, visual acuity, smoking, hypertension, diabetes, body mass index, use of anticoagulants, brain infarcts, and load of subcortical and periventricular WMHs. *p Ͻ 0.05; **p Ͻ 0.001; †p Ͻ 0.01. CMBs ϭ cerebral microbleeds; WMHs ϭ white matter hyperintensities.
one site. However, the number of VaD cases is small, which results in relatively wide CIs. In secondary analyses, we found that the associations of poorer cognitive function to CMBs vary by their location and presence of retinopathy. Specifically, the association of poorer cognitive function to multiple CMBs was strongest for lesions located in the deep hemispheric or infratentorial regions, thought to reflect hypertensive vasculopathy. [2] [3] [4] This finding, together with others, [2] [3] [4] 14 suggests that CMBs may be part of the pathologic spectrum linking hypertension to VCI and dementia. We also found that the interaction of retinopathy with CMBs on poorer cognitive function was strongest for CMBs with a strictly lobar distribution, which are thought to reflect CAA. [2] [3] [4] Although CAA and CMBs commonly occur in AD, [2] [3] [4] 39, 40 our findings suggest that more pervasive microstructural damage is associated with cognitive disturbances that are common in vascular origin. Additional investigations are needed to clarify why memory is not associated with these microvascular lesions.
CMBs may reflect tiny focal destructive lesions in strategic and nonstrategic subcortical structures and connection fibers relevant to cognitive function. [2] [3] [4] 14 Retinopathy lesions mainly include microaneurysms and retinal hemorrhages, which indicate a breakdown of retinal blood barrier. 15, 17, 18 Previous studies have shown that people with both WMHs and retinopathy had a much higher incidence of stroke than those without cerebral or retinal vascular lesions. 24 We also have reported that retinopathy lesions are correlated specifically with CMBs. 16 Thus, compared to having lesions in one site, having comorbid CMBs and retinopathy lesions may indicate more extensive and more severe subclinical microvascular pathologies, which can result in substantially worse cognitive performance.
Our findings and those of other studies suggest that multiple CMBs or concomitant CMBs and retinopathy are markers for clinically relevant cerebrovascular disease in patients with mild cognitive impairment or dementia. Recognition and treatment of modifiable vascular risk factors should be pursued in patients with these lesions. Furthermore, the presence of CMBs and retinopathy lesions might define a clinical phenotype that would benefit from therapeutic interventions aimed at microvascular pathology. 
